These authors contributed equally to this work. SUMMARY D1-cytoplasmic male sterility (CMS) rice is a sporophytic cytoplasmic male-sterile rice developed from Dongxiang wild rice that exhibits a no-pollen-grain phenotype. A mitochondrial chimeric gene (orf182) was detected by mitochondrial genome sequencing and a comparative analysis. Orf182 is composed of three recombinant fragments, the largest of which is homologous to Sorghum bicolor mitochondrial sequences. In addition, orf182 was found only in wild rice species collected from China. Northern blot analysis showed that orf182 transcripts were affected by Rf genes in the isocytoplasmic restorer line DR7. Western blot analysis showed that the ORF182 product was localized in the mitochondria of the CMS line. An expression cassette containing orf182 fused to a mitochondrial transit peptide induced the maintainer line of male sterility, which lacked pollen grains in the anthers. Furthermore, the in vivo expression of orf182 also inhibited the growth of Escherichia coli, with lower respiration rate, excess accumulation of reactive oxygen species and decreased ATP levels. We conclude that the mitochondrial chimeric gene orf182 possesses a unique structure and origin differing from other identified mitochondrial CMS genes, and this gene is connected to nonpollen type of sporophytic male sterility in D1-CMS rice.
INTRODUCTION
Cytoplasmic male sterility (CMS), a maternally inherited trait, is characterized by the inability of plants to produce viable pollen, and is widely used in the generation of vigorous F1 hybrids (Hanson and Bentolila, 2004) . More than 60 rice CMS lines have been developed via hybridization between species, subspecies and varieties since the initial CMS line was established, and have been applied to hybrid rice production .
Cytoplasmic male sterility genes are chimeric open reading frames (ORFs) that are typically thought to originate from illegitimate recombination events between normal mitochondrial genes and gene-flanking sequences. The decrease, processing or degradation of CMS gene transcripts occurs in the presence of a restorer gene (Wang et al., 2006; Kazama et al., 2008) . The following four CMS genes have been cloned in rice to date: orf79 in BT-CMS; orfH79 in HL-CMS; and WA352 and WA314 in WA-CMS (Wang et al., 2006; Peng et al., 2010; Luo et al., 2013; Tang et al., 2016) . Of these, the orfH79 and orf79 genes share 98% identity at the nucleotide level, and possess 5' regions that closely match the rice mitochondrial coxI gene. The expression of orf79 and orfH79 in Escherichia coli and Saccharomyces cerevisiae can result in rapid declines in cell density (Wang et al., 2006; Peng et al., 2009 Peng et al., , 2010 . Orf79 is also found in LD-CMS, but the amount of ORF79 protein produced is rather low compared with that in BT-CMS (Itabashi et al., 2009; Kazama et al., 2016) . WA352 in WA-CMS, which is a general sporophytic CMS gene similar to GA, ID, Dissi, DA, K, Y and X, is composed of the following four segments, three of which are highly similar to the predicted rice mitochondrial ORFs: orf314 (previously considered an orf288-homologous sequence); orf224; orf284; and one ORF of unknown origin (Luo et al., 2013; Tang et al., 2016) . WA314, which is another CMS factor present in WA-CMS that causes partial male sterility in transgenic plants, exhibits 19 single nucleotide polymorphisms (SNPs) and different upstream and downstream sequences from those in orf314 (Tang et al., 2016) . Furthermore, both orf307 and orf113 have been recognized as candidate genes linked to CMS in CW-CMS and RT98-CMS, respectively (Fujii et al., 2010; Igarashi et al., 2013) . These genes reflect the great diversity of CMS genes in different types of rice CMS lines.
Dongxiang wild rice was discovered in Dongxiang County (26°14'N,116°36'E) of Jiangxi Province, China (Song et al., 2003) . Dongxiang wild rice is the northernmost wild rice variety worldwide, and is known as the 'Plant giant panda' due to its many great valuable characteristics. To exploit this wild rice, a new sporophytic CMS line designated D1-CMS was developed. This line exhibits an anomalous anther shape and a lack of pollen grains, and its fertility cannot be restored by nearly all existing restorer and maintainer lines (Chen et al., 1995) . Therefore, the D1-CMS line distinctly differs from the well-characterized sporophytic CMS line WA-CMS in cytological morphology and fertility restoration patterns.
In order to elucidate the mechanisms underlying male sterility, the chimeric mitochondrial gene orf182 was identified as a candidate gene producing the CMS trait in the D1-CMS line. This was achieved by comparing the mitochondrial genomes of the D1-CMS line and other sequenced rice accessions. Further expression pattern analyses, genetic complementation tests and biochemical analyses all confirmed that orf182 is the gene responsible for the unique male-sterile characteristics in the D1-CMS line.
RESULTS

Characterization of the phenotypes of the D1-CMS lines
The D1-CMS line DPA grew normally during the vegetative stage but failed to produce any viable pollen. Compared with the maintainer line DPB and the iso-cytoplasmic restorer line DR7, the anthers of the CMS line (DPA) are small, transparent and shrunk, lack pollen grains, and cannot be stained with I 2-KI (Figure 1a-i) . Transverse sectioning was performed to investigate the morphological deficits of the D1-CMS line. During the mitosis stage, pollen exine deposition was completed in the DPB and DR7 lines, and the tapetal cells differentiated and degenerated ( Figure 1k, l) ; however, in the CMS line DPA, the microspores remained at the centre of the anther locale, and the tapetum cells became extremely vacuolated and expanded abnormally compared with those in the DPB and DR7 lines at the same development stage (Figure 1j ). Thus, anther development was deficient in D1-CMS due to a CMS factor.
D1-CMS mitochondrial genome has unique mitotypespecific sequences (MSSs)
In order to establish the gene that governs the CMS traits in the D1-CMS line, we sequenced the DPA mitochondrial genome and assembled it into a single primary circularmapping molecule (49 8861 bp) and five plasmid-like molecules with lengths of 1548, 969, 1514, 2135 and 1623 bp (Figure 2 ). The size and GC content (43.79%) of the main circle molecule were similar to those in other sequenced Oryza species.
The plant mitochondrial genome contained specific sequences called MSSs (Kubo and Mikami, 2007) , which can be exploited as molecular markers for the identification of the CMS cytoplasm in plants (Xie et al., 2014) . Thus, to investigate MSSs specific to D1-CMS, we used the DPA mitochondrial sequences as query sequences in BLAST searches against 10 other sequenced mitochondrial genomes, including six genomes of fertile cytoplasm lines and four genomes of CMS lines. In total, 29 MSSs (designated M1-M29) ranging from 195 to 10 633 bp were identified. Nine MSSs were specific to the CMS line as follows: five MSSs are unique to D1-CMS; two MSSs are specific to D1-CMS and RT98-CMS; and two MSSs are specific to D1-CMS, WA-CMS, LD-CMS and RT98-CMS ( Figure 3a ; Table S1 ). Four MSSs (M1, M18, M19 and M25) have double copies in D1-CMS (Table S1 ).
To further determine whether these MSSs were unique to the D1-CMS lines, we designed 14 pairs of mitotype-specific polymerase chain reaction (PCR) primers according to the nine MSSs specific to the CMS lines and five plasmidlike sequences. Genomic DNA was extracted from three gametophytic CMS lines, nine sporophytic CMS lines and the corresponding maintainer lines as templates (Table S2) , PCR amplification was performed and showed that the M2, M25 and M27 primer pairs amplified their target sequences only in three D1-CMS accessions (D1A, DPA and DTA) and that the P5 primer pairs amplified their target sequences in both the HL-CMS line and D1-CMS accessions ( Figure 3b ; Table S3 ).
The homology of the three unique D1-CMS MSSs was subsequently analysed by performing BLASTN searches against the NCBI databases, and all three MSSs were found to contain certain segments homologous to previously determined mitochondrial sequences in the following grass family plants: Zea mays and Sorghum bicolor. Other segments in the three MSSs are novel sequences based on the current NCBI databases (Figure 3c ). For example, the M2 MSSs fragment contains seven segments in total, three of which are homologous to S. bicolor mitochondrial sequences with high identities of 99%, 99% and 91%, one MSS fragment is homologous to Z. mays mitochondrial sequences with a 99% identity, and the remaining three have unknown origins (Figure 3c ).
CMS-associated chimeric ORFs in MSSs
Chimeric ORFs in MSSs are usually related to the phenotype of the CMS lines in plants (Hanson and Bentolila, 2004; Xie et al., 2014) . We screened the three unique D1-CMS MSSs for ORFs encoding greater than 70 amino-acidlong proteins, and seven ORFs were predicted in the three MSSs (Table S4 ). The expression profile of the CMS-related genes is known to be controlled by fertility restorer genes (Hanson and Bentolila, 2004) , thus, a Northern blot analysis was performed to determine whether the seven ORF mRNAs were affected by Rf genes. Orf78, orf79a, orf83, orf86 and orf118 did not show distinctly different expression patterns between DPA and DR7 ( Figure S1 ), and no signal was detected using orf340 as a probe. However, band patterns of various sizes were produced by orf182. Specifically, two strong bands were detected at 2.2 kb and 1.9 kb in DPA, in contrast to the remarkably faint bands in DR7 and the undetectable signals in DPB (Figure 4a ). Thus, orf182 is an excellent candidate for the D1-CMS-associated gene.
We further analysed the sequence of orf182 in detail. This gene is located upstream of nad6, which encodes a predicted 182 amino acid sequence. Orf182 comprises three fragments, including a fragment consisting of rice mitochondrial genomic segments, a fragment homologous to S. bicolor mitochondrial sequences with 79% nucleotide identity, and a fragment with an unknown origin (Figure 4b) .
We used circularized RNA reverse transcriptase (CR-RT-PCR) to identify the 5'-and 3'-ends of the orf182 gene transcript, and discovered that the 5'-ends of the two orf182 mRNAs were located 23 bp and 328 bp from the initiation codon, and the 3'-end of orf182 mRNA was detected 22 bp upstream of the nad6 stop codon. Neither of the co-transcripts contained the complete coding region of nad6, which has two copies in the D1-CMS mitochondrial genome ( Figures 2 and 4c, d ).
To determine whether orf182 could be translated into a functional protein, Western blotting was performed using a highly specific antibody for ORF182 against mitochondrial proteins from etiolated seedlings. Expectedly, the blotting profiles of the D1-CMS line and maintainer line were apparently distinguished by an~20 kD protein band specific to DPA (Figure 5b ). Thus, orf182 likely performs functions at the protein level in the mitochondria of the D1-CMS line. Interestingly, no transmembrane segments were predicted for ORF182 ( Figure S2 ), differing from other cloned CMS-related genes, including WA352 (Luo et al., 2013; Okazaki et al., 2013) , ORF79, ORFH79 and WA314 among the rice CMS genes ( Figure S2 ).
A chimeric orf182 transgene induces non-pollen abortion
To investigate whether orf182 can cause the male sterility observed in the D1-CMS line, a chimeric expression cassette was constructed from a constitutive promoter (Pubi), a mitochondrial transit peptide sequence and orf182 sequence, and transferred into Yuetai B (YB; Figure 5a ), which is an indica maintainer line of the HL-CMS line that serves as a maintainer line for the D1-CMS line. Twelve independent positive transgenic events were observed and confirmed via PCR. Among these events, 10 transgenic plants were fully sterile and displayed apparently developed anthers with no pollen grains ( Figure 5d , f, h-j), while the other two lines contained a few degenerated, empty, unstainable pollen grains ( Figure 5m ). After cross-pollinating the no-pollen sterile T 0 plants (lines P1, P4 and P7) with wild-type rice pollen, only two fertility categories were observed in the F 1 segregational populations, no-pollen sterility with orf182 and complete fertility without orf182, at a 1:1 segregation ratio (Table 1) , indicating a single-copy insert of the transgene. Moreover, the F 1 progeny carrying orf182 showed no-pollen anthers. Thus, the expression of ORF182 induced the abortion of pollen.
To further demonstrate that ORF182 can cause male sterility in the transgenic lines, Western blotting was performed to assay the expression of ORF182. The mitochondrial-enriched protein components were extracted from the young panicles and subjected to blotting using an antibody against ORF182. An~20 kD band similar to that observed in the D1-CMS line was detected in the transgenic young panicles but not in the wild-type young panicles (Figure 5b ). This finding established that ORF182 was imported into the mitochondria. Furthermore, it confirmed that the transit peptide fused to ORF182 had been accurately processed in these transgenic lines. These findings further validate that the male-sterile phenotype in the D1-CMS line is caused by orf182.
ORF182 hinders Escherichia coli growth and results in excessive reactive oxygen species (ROS) accumulation and ATP reduction
Several of the CMS-associated genes were demonstrated to encode peptides that are deadly to E. coli. To evaluate whether the expression of ORF182 was also cytotoxic to bacteria, we cloned its coding sequence into the area of expression region of the pET-28a vector, and its expression in E. coli was induced by IPTG. The ORF182 protein was not observed in the Coomassie blue-stained gel, but its expression was confirmed in a Western blot assay (Figure 6b) . A band of~20 kD was obviously visible in the total protein from the pET-28a-orf182-transformed E. coli; however, the empty plasmid (pET-28a) did not produce any signal. Growth was significantly repressed in the induced pET-28a-orf182-transformed cells in comparison to the control (Figure 6a ). We thus deduced that ORF182 encodes a peptide that is cytotoxic towards the host bacteria.
Mitochondrial oxidative phosphorylation has been shown to be inhibited in the HL-CMS and WA-CMS lines (Peng et al., 2010; Luo et al., 2013; Wang et al., 2013) . Thus, we investigated whether ORF182 was associated with the inhibition of respiration in E. coli. The oxygen consumption analysis showed that the expression of ORF182 in the transformed bacteria led to a significant decrease in the respiration rate compared with that in the control, suggesting that expression of ORF182 affected oxygen consumption of the E. coli cells (Figure 6c ). Inhibited oxidative phosphorylation is usually associated with abnormal ROS and ATP levels. Therefore, we monitored the ROS and ATP contents in the transformed cells. As shown in Figure 6f and h, after a 6-h induction by IPTG, the quantity of dead cells in the orf182-transformed bacteria was increased tõ 5.3 times that in the empty control. Additionally, the average H 2 DCFDA fluorescence intensity in the induced pET28a-orf182 cells was 65% higher than the baseline intensity level. However, after induction of IPTG, the fluorescence intensity of H 2 DCFDA in the pET-28a transformants was almost unchanged (Figure 6e ). This change was parallel to the enzyme-labelling assay in showing that the expression of ORF182 could cause excessive ROS accumulation in E. coli (Figure 6g ). The ATP quantification assay also showed that ORF182 expression resulted in a significant decrease in the ATP content by 52.1% compared with that in the control transformed cells (Figure 6d ). Thus, ORF182 inhibited E. coli growth through excessive ROS accumulation and reduction in ATP levels.
D1-CMS is unique to wild rice species originating from China
Three cloned rice CMS genes, orf79, orfH79 and WA352, are widely distributed in both wild rice species and cultivars (Duan et al., 2007; Luo et al., 2013) . However, orf182 was undetected in 520 randomly selected cultivated rice accessions (Table S6) , which was consistent with the finding that fewer fertility restorer genes of the D1-CMS line are present in previously reported cultivars (Chen et al., 1995) . Therefore, to further analyse the origin and distribution of orf182 in wild rice species, 446 wild rice accessions, including 17 species from nine genomes, were randomly selected and screened via PCR. Notably, orf182 was detected in only 18 accessions of Oryza rufipogon and one accession of weedy rice collected from China (Table S7) . Further sequencing showed that five SNPs causing three amino acid changes were detectable among the orf182 alleles. Based on the amino acid variations, orf182 exhibited three alleles, designated A1, A2 and A3; of these alleles, A1 was the basic type in D1-CMS, and A2 displayed the highest frequency distribution among the analysed accessions (Table 2) . Thus, orf182 is unique to common wild rice in China. Although few fertility restorer genes of the D1-CMS line are present in cultivars (Chen et al., 1995) , the fertility of DPA can be recovered after test-crossing with five randomly selected fertile Chinese common wild rice accessions containing the CMS gene orf182 ( Figure S5 ). Thus, the restorer genes of the D1-CMS line are widely distributed in Chinese common wild rice.
DISCUSSION
The D1-CMS lines developed from Dongxiang wild rice exhibited almost no pollen grains or less amorphous abortive pollen grains, showing genetic characteristics similar to WA-CMS and the sporophytic type. However, the appearance of the aborted pollen markedly differed from the pollen of WA-CMS. In addition, tapetum degeneration occurred much earlier in ZS97A (WA-CMS line) than that in the fertile line ZS97B. However, tapetum degeneration was markedly retarded in the D1-CMS line compared with that in the fertile line. These cytological features obviously differed between WA-CMS and D1-CMS. Genetically, nearly all cultivated rice varieties were found to be maintainer lines of the D1-CMS line (Chen et al., 1995) , indicating that D1-CMS represents a new sporophytic type of CMS system with a completely different restoring and maintaining pattern compared with that in WA-CMS. Additionally, the D1-CMS cytoplasm was found in many wild rice species in China, suggesting that many fertility restoration genes in wild rice can restore the fertility of D1-CMS rice due to the co-evolution of CMS genes and Rf genes. Actually, our test-crossing between DPA and five random selected fertile Chinese wild rice gave us a potential way to explore strong restorer lines from Chinese wild rice containing orf182. Considering these findings, we hypothesized that D1-type hybrid rice is complementary to other types of rice for the promotion of the development of hybrid rice.
Cytoplasmic male sterility-encoding genes are generally chimeric ORFs originating from recombination involving functional mitochondrial genes and unknown ORFs (Hanson and Bentolila, 2004) , such as atp9 and cox2 in pcf (Young and Hanson, 1987) , nad5a and atp6 in orf263 (Landgren et al., 1996), cox1 in orf (H)79 (Akagi et al., 1994; Peng et al., 2010) , orf224, orf284 and orf314 in WA352 (Luo et al., 2013) . In this study, we identified five kinds of ORFs (orf290, orf216, orf281, orf115 and orf460) in D1-CMS ( Figure S3 ). According to previous studies, orf216 and orf281 could be considered candidate CMS genes in CMS-DW (sporophytic CMS line also derived from Dongxiang wild rice; Yan et al., 2017) ; however, the comparative analysis indicated that these ORFs could be detected in fertile lines or other CMS lines. Specifically, orf460 has been detected in WA-N and IR112, orf216 and orf290 have been detected in CMS-HL rice, and the CMS trait caused by orfH79 (Peng et al., 2010) , orf115 exists in RT98-CMS rice, which is a gametophytic CMS line, and orf113 is a candidate CMS gene (Igarashi et al., 2013) . Moreover, the transcripts of orf281 did not differ between DPA (D1-CMS line) and DR7 (iso-cytoplasmic restorer line) in the Northern blot analysis ( Figure S1 ). Thus, none of these ORFs (orf290, orf216, orf281, orf115 and orf460) are responsible for the CMS trait in the D1-CMS line. Altogether, whether chimeric ORFs containing functional mitochondrial gene homologous sequences are related to CMS traits in rice remains uncertain, although these ORFs may be expressed in the mitochondrial genome. 
Note: the frequency indicates the ratio of the number of accessions with each allele to the total number of accessions in which orf182 was detected. Nucleotide sequences of all orf182 variations were deposited to NCBI databases with GenBank accession numbers from MH027393 to MH027411.
Our investigation confirmed that the D1-CMS traits are controlled by the mitochondrial gene orf182. The orf182 gene contained one MSS homologous to S. bicolor mitochondrial sequences, Bentolila and Stefanov (2012) previously reported MSSs in WA-CMS rice and WA-N rice, including partial sequences that are homologous to mitochondrial sequences in Sorghum and maize (Bentolila and Stefanov, 2012) . Thus, the origin of orf182 involved a series of complicated recombination events that incorporated this specific grass family ancestral sequence into an intergenic region in the process of mitochondrial genome maintenance. More interestingly, orf182 could be detected in O. rufipogon and weedy rice, which were collected only from China, suggesting that Chinese wild rice accessions have likely retained certain specific ancestral sequences in the mitochondrial genome during speciation. In summary, the specificity of orf182 in terms of its structure and origin may endow D1-CMS with a new abortive mechanism.
In earlier studies, numerous CMS-associated genes, including T-maize urf13, sunflower orf522, Brassica ogura radish orf138, BT-rice orf79 and Brassica juncea orf288, were found to encode peptides that are deadly to E. coli (Dewey et al., 1988; Nakai and Kondo, 1995; Duroc et al., 2005; Wang et al., 2006; Jing et al., 2012) . However, the CMS-associated protein-induced lethality signal pathway still remains unknown. Additionally, whether such a phenomenon has some connection with the mechanism of CMS has not been clarified. Our findings demonstrated that ORF182 protein produced at low levels significantly hindered E. coli growth. This was associated with a reduced respiration rate, surplus ROS content and a lowered ATP level in the transformed cells. Thus, the ORF182 protein inhibited the growth of E. coli by impairing oxygen respiration in the transformed cells. One theory suggests that atypical mitochondria in CMS lines are unable to match the aggregating energy requirements of microsporogenesis (Carlsson et al., 2007; Yamamoto et al., 2008) . Recent reports of the mechanisms of CMS have focused on the mitochondrial respiratory chain complex. Luo et al. (2013) reported that WA352, confers CMS trait of WA-CMS rice, interacts with the mitochondrial protein COX11 and triggers abnormal PCD in premature tapetal, resulting in pollen abortion. In addition, it was found that the ORFH79 protein, which caused the CMS trait in HL rice, binds to mitochondrial complex III and decreases its enzymatic function by interacting with P61 (Wang et al., 2013) . These findings are consistent with the hypothesis that there are 'inadequate amounts of ATP' in CMS plants. Our experiments using E. coli showed that the expressed ORF182 protein impaired oxygen respiration in the transformed cells, which subsequently resulted in excess ROS and insufficient ATP. Thus, ORF182 might also affect mitochondrial functions by disturbing the mitochondrial respiratory chain complex. Further dissection of the molecular mechanisms of orf182 could broaden our understanding of plant CMS.
EXPERIMENTAL PROCEDURES Plant materials
The three D1-CMS lines (D1A, DPA and DTA) were obtained from successive backcrosses between Dongxiang wild rice (O. rufipogon) and Oryza sativa D1B, DPB and DTB, respectively. The isocytoplasmic restorer line DR7 is a BC 4 F 5 progeny of a cross between Dongxiang wild rice (contained the D1-type CMS gene and restore gene) and a restorer line of WA-CMS (R1573). The nine CMS lines are representative CMS types widely used in China (Table S2) . A total of 446 wild rice accessions were acquired from the International Rice Research Institute and HuaNan Agricultural University (Table S7 ). All rice materials were planted in Nanchang, Jiangxi during the summer, and Hainan during the winter. The spikelets of the D1-CMS lines, maintainer lines and transgenic plants were collected 1 day prior to anthesis, and a 1% (w/v) iodine-potassium iodide solution was used to stain the pollen grains in order to detect the accumulation of starch.
Characterization of the anther phenotype
The plants or flowers were photographed using a Nikon E995 digital camera and an Olympus BX51 microscope. The anthers of the DPA, DPB and DR7 rice were dissected and vacuum infiltered with 4% (v/v) paraformaldehyde in phosphate-buffered saline (pH 7.0) for 30 min, and then renewed with fresh paraformaldehyde solution and incubated overnight at 4°C. Then, the fixed samples were dehydrated in a graded ethanol series, and embedded in Paraplast Plus (Sigma-Aldrich, St. Louis, MO, USA). Subsequently, materials were sectioned into 10-lm-thick sections, and stained with 0.1% aniline blue to stain the callose walls. Sections were viewed and photographed with an Olympus BX51 microscope.
Mitochondrial DNA extraction
Calli were induced in the DPA seeds in J0 medium and subcultured in L3 medium (Lin and Zhang, 2005) . Secondary subcultured calli were used to isolate the mitochondria, which was conducted according to a protocol established for rice shoots (Heazlewood et al., 2003) . The purified mitochondrial pellets were resuspended in 0.5 ml TE (pH 7.5), and then treated with proteinase K and RNase A and lysed in 1.5% (w/v) sarkosyl. This was followed by extraction with phenol-chloroform and precipitation in ethanol in order to isolate the mitochondrial DNA.
Genomic sequencing and assembly
We constructed Illumina PE (400 bp) and Roche 454 RL+PE (3 kb) libraries, and subsequent sequencing was performed using an Illumina's MiSeq sequencing platform and an FLX + Genome Sequencer (Roche 454). We obtained 670 218 192 bases from the MiSeq sequencing and 13 176 564 bases from the FLX+ Genome Sequencer. After eliminating the nuclear and chloroplast sequence contamination, the sequences were assembled into 108 contigs using the 454 GS De Novo Assembler (Newbler) v2.8 and, then, the Phred, Phrap and Consed software programs were used to join the contigs (http://www.phrap.org/phredphrapconsed.html). Direct sequences from the PCR products were used to occupy the spaces between the final dead-end contigs. To design the PCR primers, we used the final dead-end contig blast with mitochondrial reference sequences. The PCR products were employed to confirm the contig linkages and finally assembled into the mitochondrial genome. The mitochondrial sequences were annotated using Glimmer 3.0 and BLAST tools; the tRNA genes were identified using tRNAscan-SE; and the annotated sequences were uploaded to NCBI (GenBank accession number KY486275). OGDraw software (http://ogdraw.mpimp-golm. mpg. de/) was used to produce a genome map.
MSSs detection
Ten sequenced rice mitochondrial genomes were obtained from GenBank, EMBL and DDBJ. Six genomes originated from fertile cytoplasm lines, including Nipponbare (GenBank: DQ167400), 9311 (GenBank: DQ167399), PA64S (GenBank: DQ167807), WA-N (EMBL: JF281153), Hassavi (EMBL: JN861111) and IR1112 (EMBL: JN861112). The remaining four genomes originated from CMS lines, including WA-CMS (EMBL: JF281154), CW-CMS (DDBJ: AP011076), LD-CMS (DDBJ: AP011077) and RT98-CMS (DDBJ: AP012527). The MSSs of D1-CMS were detected using a previously described method (Xie et al., 2014) . Similar MSSs were observed among WA-N, Hassawi and IR1112, and similar MSSs were observed between Nipponbare and PA64s.
RNA extraction, CR-RT-PCR and Northern blot analysis
The total RNA was isolated using TRIzol reagent (Invitrogen, Waltham, MA, USA), separated using phenol/chloroform and precipitated using isopropyl alcohol. Approximately 5 lg of RNA was treated with DNase I, and the RNA was subsequently circularized with T4 RNA ligase (Takara, Kusatsu, Japan). The circularized RNA (CR)-RT-PCR method (Kuhn and Binder, 2002) was used to detect the 5' and 3' mRNA termini of orf182. Primer C1 (5'-AACTC CTCGTTGACCTTCTC-3') was used for the initial reverse transcription of the circular RNAs, and primers P1 (5'-CTGCCGTAG GAGTGTTTCAT-3') and P2 (5'-ATCTTGATGGTATCGCTCTG-3') were used for the inverse PCR. Additionally, 25 lg of each RNA was transferred to a nylon membrane for Northern blot, hybridization and detection using a DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Mannheim, Germany). The probe was labelled using the PCR DIG Probe Synthesis Kit (Roche) and the primer sequences listed in Table S5 .
Plasmid construction and rice transformation
The sequence of the mitochondrial transit peptide of atpc derived from Arabidopsis thaliana, as verified by Wang et al. (2013) , was fused to the N-terminus of orf182, and the fused gene exhibited codon optimization according to the rice preferred genetic codons provided by the Kazusa DNA Research Institute (http://www.ka zusa.or.jp/codon/). The construct was synthesized at the GenScript Biotech Corporation (China). Then, this sequence was digested with BamHI and ligated to the binary vector pCAMBIA1301, which had been modified to contain a CaMV 35S promoter that had been substituted with a powerful constitutive promoter Pubi (Chen) and the entire expression cassette (Pubi::synthetic gene 182::Nos). Agrobacterium tumefaciens EHA-105 was used to transform the maintainer line Yuetai B (an indica variety). The transgenic plants and progeny were grown, and their phenotypes were observed in a glasshouse.
Expression of orf182 in Escherichia coli
Orf182 was amplified from D1-CMS rice via PCR using the following primers: forward, 5'-CATGCCATGGTGAGATTTAGTTCAACG-3' and reverse, 5'-CCGCTCGAGT CATGGGAACCACTTGCTG-3'). Orf182 was digested with NcoI and XholI and ligated to the pET28a vector (Invitrogen), constructing the plasmid named pET-28a-orf182. The pET-28a-orf182 plasmid and the pET-28a empty vector were transformed into BL21 (DE3) strains. Orf182 expression in E. coli DE3 cells was induced via the addition of 1 mM IPTG.
Preparation of proteins
Proteins were extracted from the bacterial according to the method described by Ding et al. (2016) . Total protein was extracted from the etiolated shoots and young panicles of D1-CMS as previously described by Peng et al. (2010) . Purified mitochondrial proteins were extracted from the same tissues and transgenic callus mitochondria as described by Wan et al. (2007) .
Antibodies and Western blot analysis
The proteins from E. coli and equal amounts of protein from each mitochondrion ( Figure S4 ) were separated on a 12% (w/v) sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel at 4°C. Western blot was performed as described by Ding et al. (2016) . An antibody against ORF182 was obtained from a commercial service (Beijing Protein Innovation) by injection of a whole recombinant ORF182 as an antigen.
Escherichia coli growth curve assay
The effects of expressing ORF182 in E. coli cells transformed with either pET-28a-orf182 or pET-28a were ascertained using the growth curve assay. The growth curves of transformants were monitored as described by Ding et al. (2016) .
Respiration measurements
BL21(DE3) pLYsS cells transformed with pET-28a-orf182 or pET28a were cultured overnight in 5 ml LB medium at 37°C. Then each pre-culture was diluted 1:1000 in fresh LB medium, and the recombinant cells were incubated at 37°C until they reached the early exponential growth phase. Then, each culture was divided into two subcultures, and 1 mM IPTG was added, respectively. Cellular respiration was measured as described by Ding et al. (2016) .
Measurement of intracellular oxidation levels
We used the oxidant-sensitive probe 2',7'-dichlorodihydrofluorescein diacetate [H 2 DCFDA (Sigma)] to measure the intracellular oxidation levels in E. coli. Oxidation levels were detected according to a method described by Peng et al. (2009) with some modification. Briefly, the cells were cultured for 6 h in LB, and the medium was induced, the recombinant cells were collected and resuspended in Tris-Cl (pH 8.0, 1 mM) buffer. Then, 10 lg H 2 DCFDA per ml was added to the buffer and incubated for 30 min with shaking at 30°C. After briefly rinsing the cells with Tris-Cl buffer three times to remove the dye, the E. coli images were obtained using a confocal microscope. The percentages of H 2 DCFDA-stained cells were counted in at least three visual fields. The H 2 DCFDA-stained cells were analysed using a FACVantage flow cytometer (Beckman Counter-Epics XL, Beckman Coulter Inl. SA, Nyon, Switzerland) to assay the ROS content as previously described (Halliwell, 2003) . The ROS content in the E. coli cells was measured based on the fluorescence intensity of H 2 DCFDA excited at 488 nm.
Detection of ATP contents
The ATP contents were measured using the luciferin-luciferase method (St John, 1970) and the protocol provided with an ATP detection kit (Beyotime, China). After the recombinant cells were cultured in induced medium for 6 h, the OD600 of the cells were adjusted to 1.0. Then, 2 ml of each culture was centrifuged at 12 000 g for 5 min, and the pellets were fully ground with 200 ll of lysis buffer from the ATP detection kit. The supernatant was transferred to a new tube for the ATP test after centrifugation at 12 000 g for 5 min at 4°C. A 100-ll sample was mixed with 100 ll of ATP detection buffer from the kit, and luminescence of the mixture was assayed using a luminometer (Perkin Elmer, Waltham, MA, USA). An ATP concentrations standard curve was prepared based on known concentrations (1 nM-1 lM).
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Additional Supporting Information may be found in the online version of this article. Figure S1 . Northern blot analysis of total RNA from young panicles probed with orf78, orf79a, orf83, orf86, orf118 and orf281 in DPA, DPB and DR7. Figure S2 . Transmembrane domain prediction for WA314, ORF182, ORF79 and ORFH79. Protein sequences were analysed using TMHMM server v.2.0 software (http://www.cbs.dtu.dk/ services/TMHMM), and the output shows the location and probability associated with the predicted transmembrane domain. Figure S3 . Chimeric genes in D1-CMS. (a) Structure of orf314 and its chimeric genes orf290 and orf216 in D1-CMS and other Oryza species. (b) Structure of orf281 showed a 9-bp deletion in the Nterminal of orf284. (c) Chimeric structure of partial orf160 in the Nterminal and other mitochondrial sequences generating the orf115 gene in the D1-CMS genome and RT98-CMS. (d) Nucleotide extension in the region of the C-terminal of the cob gene resulted in the production of a novel ORF, i.e. orf460, in D1-CMS, WA-N and IR112. Figure S4 . SDS-PAGE images of mitochondrial protein extracted from etiolated seedlings (a) and total protein from young panicles in transgenic and wild-type rice (b). Protein amounts were equally adjusted using a Pierce â BCA Protein Assay Kit. Figure S5 . Fertility of F1 hybrids in the testcrosses of DPA 9 fertile Chinese common wild rice accessions with orf182. Fertility evaluation was conducted as previously described (Li et al., 2005) . Table S1 . Location of MSSs in the D1-CMS mitochondrial genome Table S2 . Representative CMS lines and maintainer lines used in this study Table S3 . Sequences and information regarding the D1-CMS specific MSS primers used in this study Table S4 . Predicted ORFs in the D1-CMS specific MSSs Table S5 . Sequences and information regarding primers used for the PCR probe synthesis Table S6 . List of cultivated rice species used for the orf182 screening Table S7 . List of wild rice species used for the orf182 screening
